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Influence of Interfacial Tension and Viscosity on the Formation of Metal 
Emulsion by Rising Gas Bubble 
An emulsion is formed in two or more immiscible liquids system when one phase dispersed into another. In 
steelmaking process, the rate limiting step is mass transfer. Emulsified droplets scattered in another phase have great 
potentials to improve the mass and heat transfer because of the increasing interfacial area. Over the past decades, 
compared with slag emulsion, the metal emulsion phenomenon has gained much attention because they are stable in slag 
phase and produce large interfacial area per unit volume. It is considered that the formation of metal emulsion is greatly 
influenced by gas bubbling condition and physical properties of liquid system, such as viscosity, interfacial tension and 
density. To clarify the formation mechanism, the cold model (water/oil, Hg/water, etc.) or molten metal/ salt was used to 
simulate this phenomenon. However, because of the large difference in the physical properties from actual liquid 
steel/slag system and the limitation of experimental technology, the understanding is not enough so far. By these 
backgrounds, the purposes of this research are (1) to investigate the size distribution of metal droplets in the molten 
metal/oxide system, and (2) to study the influence of viscosity, interfacial tension and gas bubble size on the formation of 
metal droplets. 
In Chapter 1, the background of this study and the previous studies are summarized to clarify the purpose of this study.
In Chapter 2, the Sn alloy (90.5 mass%Sn, 7.5 mass% Sb and 2.0 mass% Cu) and sodium tetraborate (Na2B4O7) were 
employed to simulate the molten steel and slag as the following reasons: (1) the separation of metal droplets can be 
achieved as the oxide dissolves into the mixed solution of water and glycerin, (2) any chemical reactions do not occur 
between this oxide and the Sn alloy, (3) bubbling behavior can be observed as this oxide is transparent, and (4) at the 
experimental temperature (1093K) the physical properties of this system is similar to the steel/slag system. Gas was 
introduced from the bottom of the molten bath at various gas flow rate. During bubbling, the sample in the center of slag 
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phase was taken at certain time intervals. Then the sample was put in the solvent mixed by exchange water and glycerin. 
After the Na2B4O7 dissolved, Sn alloy droplets can be separated on the filter paper. The number and diameter of metal 
droplets were analyzed using a digital microscope. In this chapter, to compare with the previous study in Sn 
alloy/chloride system, the droplets less than 100μm in diameter were analyzed. The formation rate was evaluated 
assuming that the formation rate is independent on time and the sedimentation is in proportion to the total mass of metal 
droplets. The results showed that the gas bubble size increased but the formation of metal droplets by single gas bubble 
decreased as the viscosity of the upper phase became high under the same gas flow rate. 
In Chapter 3, the metal droplets less than 1000 μm in diameter were analyzed. Because, to improve the reaction 
efficiency, large droplets which return to metal bath after the reaction are more important than the small size droplets 
which move with liquid flow in slag and cause metal loss. It was found that the number and total mass of metal droplets 
in 1 g slag increased with time and became stable after 60 min. The system at 120 min during bubbling was considered 
as stable state. At 100 Nml/min, 200 ~ 600 small metal droplets with diameter of 0.1 mm or less and approximately 10 
large metal droplets range from 0.1 to 1 mm in diameter were found. As the gas flow rate increased, the number of metal 
droplets increased. More than 95% of the total mass of metal emulsion was contributed by the larger droplets, although 
the number of large metal droplets was very small. Therefore, the large metal droplets are more important. The formation 
rate increased with the increase in the gas flow rate. Dividing the formation rate by rupture frequency of gas bubble, the 
total mass of metal droplets formed by single gas bubble was obtained. It increased with increasing gas bubble volume.  
In Chapter 4, to understand the influence of interfacial tension and slag viscosity, the metal emulsion was investigated 
in the molten Sn(-Te)/chloride (KCl-LiCl-NaCl) system. The same experimental condition with the oxide system shown 
in the previous chapter was used. During bubbling, the emulsion behavior and gas bubble rupture were observed by high 
speed camera because the chloride was transparent. Pure Sn and Sn-0.5mass%Te alloy were applied as metal phase. The 
interfacial tension between Sn and chloride was 555 mN/m, and 463 mN/m between Sn-Te and chloride. It was available 
to discuss the influence of interfacial tension as the two metals had similar density and viscosity. Large metal droplets 
from 0.1 to 1 mm in diameter were mainly investigated. Two formation modes were observed. In Mode A, metal 
droplets are formed by the rupture of metal film around the rising gas bubble. In Mode B, metal droplets are generated 
by the rupture of metal film and the disintegration of column formed under the gas bubble in upper phase. The Mode B 
was formed at gas flow rate higher than 300 Nml/min. Frequency of Mode A was basically greater than that by Mode B 
at the same gas flow rate. The size of gas bubble produced by Mode B was larger than that of Mode A. The number and 
size of metal droplets per bubble formed by Mode B were larger than that of Mode A. The gas bubble was smaller in the 
Sn-Te system than that in the Sn system at the same gas flow rate. With the increase in the gas bubble volume, the total 
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surface area and mass of metal droplets formed by single gas bubble increased. At the same gas bubble, the total mass of 
metal droplets per bubble formed by Mode B was greater than that by Mode A. However, because of the large frequency 
of Mode A, the difference of the formation rate between the two modes was small. At the same gas bubble, the total mass 
of metal droplets per bubble was larger in the high interfacial tension system. As a result, formation rate of metal droplets 
in the Sn system was larger. 
In Chapter 5, emulsion especially formed by the disintegration of column was observed in aqueous solution of 
ZnCl2/oil system by high speed camera by changing the viscosity and the interfacial tension independently. The various 
oils with different viscosity were used to clarify the effect of viscosity and the interracial tension was changed by the 
content of detergent in aqueous solution of ZnCl2. The volume of introduced gas bubble was fixed using cup method. It 
was found that the increase in the bubble volume caused the increase in the total volume of column and droplets formed 
by single bubble. When the volume of column was very large, the periphery of column fell back into lower phase 
directly without disintegration. With the increase in the viscosity of upper phase, the column formed by the gas bubble of 
the same size tended to be longer and thinner, and the total volume of droplets increased. When the viscosity was small, 
even though the total volume of column was large, it fell back to the lower phase easily without the effective formation 
of droplets. The influence of interfacial tension on the formation of droplets was small. The increasing formation of 
metal droplets by the increase in the interfacial tension may be caused by the increase in the gas bubble size. 
In Chapter 6, firstly, based on the results, the effect of slag viscosity was discussed. In case of metal film, when gas 
bubble enters into slag phase, viscous drag forces formed at the surfaces of film. For the film of lower phase around the 
bubble, besides the buoyancy force and the gravity force, the drag force by the surrounding upper phase keeps its 
position resisting the draw back force. Generally, the drag force is in proportion to the drag coefficient which is in 
inverse proportion to the Reynolds number. As Reynolds number is in inverse proportion to the viscosity, drag force is in 
proportion to the viscosity of upper phase. This indicates that as the decrease in viscosity of upper phase, the drag force 
decrease. Therefore, the receding velocity of metal film after bubble rupture would decrease by the increase in the 
viscosity. Hence, as the increase in viscosity of upper phase, the droplets formation is suppressed. In case of metal 
column, when the column forms in the upper phase, the drag force by the surrounding upper phase keeps its position 
resisting the draw back force. As the drag force is in proportion to the viscosity of upper phase, the column is stably 
forms in the viscous liquid, but difficult to form when the viscosity of upper phase decreases. Therefore, the influence of 
viscosity on the droplets formation is different for the rupture of metal film and for the formation of column. To 
understand the influence of viscosity on the formation of metal droplets, it is necessary to consider the effect on the film 
rupture, the formation of metal column, and the disintegration of metal column. In addition, the effect of viscosity is 
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different for each droplet with different size, as the droplets size depends on the formation mechanism greatly. 
The effect of interfacial tension was also discussed. At the same gas bubble volume, the formation of metal droplets by 
one bubble was greater in higher interfacial tension system than that in lower interfacial tension, but the difference was 
not so large. In ZnCl2/oil system, it was found that the influence of interfacial tension on the formation of droplets was 
not obvious. 
The total mass or volume of metal droplets by one gas bubble increased with increasing gas bubble size. In case of 
metal film, as the gas bubble radius increases, the surface area and thickness of the film increase. On the other hand, the 
metal column in Mode B seems to be formed when gas bubble size is large enough. There may be critical gas bubble 
size to generate metal column. Furthermore, it was found that the volume of column increases with an increase in the gas 
bubble volume. Consequently, the amount of total metal droplets increases. When the bubble size is large enough, the 
volume of generated droplets becomes independent on the bubble size. In particular, it was noticed that the volume of 
column, which returned to lower phase directly without disintegration, increased when the total column volume was 
large. In the Sn-Te/chloride system, the total mass of metal droplets by Mode B was independent on bubble size. These 
results imply that there may be a critical bubble size which can form the maximal droplets. In the Sn alloy/oxide and 
Sn/chloride systems, this tendency was not observed because the gas bubble was not large enough 




where, Md is the total mass of metal droplets by one bubble in 1 g upper phase. Vb is the volume of gas bubble. γms and 
γmg are interfacial tension between metal/slag and metal/gas, respectively. ρm and ρs are density of metal and slag, 
respectively. μm and μs are viscosity of metal and slag, respectively. Db is the diameter of gas bubble. g is the gravity 
acceleration. 
By this correlation, it can be known that as the slag viscosity and γms/γmg (interfacial tension between metal and slag, 
metal and gas bubble, respectively) decrease, the formation rate increases. In this study, the slag viscosity was the 
greatest factor relative with the formation of metal emulsion, the second greatest factor was the gas bubble size, and the 
effect of interfacial tension was smaller. In addition, the formation rate (kg/s) of metal droplets in actual operation was 
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 kg metal droplets are generated per second. By 




 kg metal droplets are formed in slag phase. 
In Chapter 7, the results of this study were summarized and future research subjects were proposed. 
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